Asthma is a heterogeneous disease, and responses to asthma medications vary noticeably among patients. A substantively oriented objective of this study was to explore the potentially heterogeneous effects of exposure to maternal inhaled corticosteroids (ICS) on gestational age (GA) at delivery and birth weight (BW) using a cohort of 6,197 pregnancies among women with asthma (Quebec, Canada, 1998. A methodologically oriented objective was to comprehensively describe the application of a Bayesian 2-component mixture-of-bivariate-regressions model to address this issue and estimate the effects of ICS on GA and BW jointly. Based on the proposed model, no association between ICS and GA/BW was found for a large proportion of asthmatic pregnancies. However, a positive association between ICS exposure and GA/BW was revealed in a small subset of pregnancies comprising mainly preterm and low-birth-weight infants. A novel application of this model was also subsequently performed using BW z score instead of BW as the outcome variable. In conclusion, the studied mixture-of-bivariate-regressions model was useful for detecting heterogeneity in the effect of ICS on GA and BW in our population of women with asthma. These analyses pave the way for analogous uses of this model for general assessment of exposure effect heterogeneity for these perinatal outcomes.
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Asthma is a widespread and complex disease whose etiology involves both genetic and environmental factors (1) (2) (3) . Worldwide, inhaled corticosteroids (ICS) are the first-line controller therapy for asthma at all ages (4-7). Common add-on therapies to ICS include leukotriene receptor antagonists and long-acting β 2 -agonists (LABA) (4, 5) . Despite well-accepted guidelines, it is recognized that responses to asthma medications vary considerably among patients (8) (9) (10) . While adherence to treatment, therapy combinations, and smoking explain some heterogeneity in response to asthma medication (11) (12) (13) (14) (15) (16) , it has been suggested to have a strong genetic foundation (8, 17, 18) .
Asthma is one of the most frequent chronic medical conditions to be reported during pregnancy (19) . The prevalence of asthma among pregnant women has been observed to increase in the past several decades (20, 21) , with recent reported numbers ranging from 7.8% to 13% (22) (23) (24) . During pregnancy, current guidelines recommend continuing pharmacological therapy, as uncontrolled asthma puts the pregnant woman and the fetus at risk of adverse outcomes (5, 7, 25) . Indeed, data from well-regarded studies have shown that optimally treated asthmatic women have fewer adverse perinatal and maternal outcomes than those without therapy (26) (27) (28) . Moreover, difficultto-control asthma requiring systemic corticosteroids during pregnancy has been associated with increased risk of maternal preeclampsia, perinatal mortality, hyperbilirubinemia, preterm birth (PTB; defined as gestational age (GA) at delivery <37 weeks), and low birth weight (LBW; defined as birth weight (BW) <2,500 g) (23, (29) (30) (31) (32) (33) (34) .
The use of ICS at low-to-moderate doses by asthmatic pregnant women is generally regarded as safe with respect to adverse perinatal outcomes, including GA-and BW-related variables (22, 35) . However, doubts remain concerning the effect of higher doses of ICS on GA and BW (22, 36, 37) . While the dose-response relationship between ICS and GA and BW is one important pharmacoepidemiologic research direction (22) , exploration of heterogeneity in the effects of ICS on BW and GA has not received due attention, being circumscribed to analyses stratified on asthma severity (38) or fetal sex (38, 39) . Because recent data suggest that ICS treatment may lead to greater benefit for the control of asthma in certain subpopulations (40) (41) (42) (43) (44) , it is reasonable to conjecture that ICS could exhibit heterogeneous effects on GA and BW due to patients' or pregnancies' characteristics.
Finite mixture models are frequently used for the purpose of clustering (45) (46) (47) . From this point of view, one desires to find homogeneous subpopulations among a hypothesized heterogeneous population (48) . Specifically, this approach assumes the existence of K latent (unknown) subpopulations and aims to recover them by fitting a K-component mixture distribution, where the component-specific distributions are often taken to be from the same parametric family (e.g., such as normal distributions). Finite mixtures have been regularly proposed for modeling BW distributions (49) (50) (51) (52) (53) (54) . For this outcome, it has been suggested that the mixture's components are the result of different types of births: The main component represents the subpopulation of normal births, while the other, minor components (typically 1 or 2 additional components) represent subpopulations of abnormal births (49, 55, 56) . Recently, finite mixture models have also been applied in asthma pharmacogenetics to handle individual heterogeneity in response to the drug montelukast, a leukotriene receptor antagonist (57) .
In this paper, we use a finite mixture-of-regressions model to explore possible heterogeneity in the effects of ICS on GA and BW in a population of asthmatic pregnant women from the province of Quebec, Canada. In a mixture-of-regressions model, regression coefficients are allowed to vary from component to component, thus allowing for a given covariate, say ICS use, to have different effects on the outcome across the K subpopulations underlying the study population. Herein, rather than specifying a mixture of regressions for GA and BW separately, we use the Bayesian bivariate mixture-of-regressions model proposed by Schwartz et al. (56) , which accounts for the strong correlation between these 2 perinatal outcomes. From a methodological perspective, our analyses serve as a worked example for illustrating the usefulness of this model for general heterogeneity of effect assessment.
METHODS
Bayesian finite mixture-of-bivariate-regressions model Prior to presenting our mixture-of-bivariate-regressions model, we refer the reader to Web Appendix 1 (available at https:// academic.oup.com/aje) for a review of the univariate mixtureof-regressions model. Therein, we illustrate a key feature of mixtures of regressions, namely, how they model outcome heterogeneity and heterogeneity of effect due to unmeasured categorical predictors.
Schwartz et al. (56) introduced a Bayesian finite mixture of bivariate regressions to jointly model GA and BW for effect estimation. They used a mixture specified by bivariate normal distributions, where each component-specific bivariate normal distribution is decomposed as a marginal form times a conditional form. Let G and B be the joint response variables corresponding to GA and BW, respectively. Let A be the exposure of interest, maternal ICS use during pregnancy, and let X be a set of p adjustment variables. 
where θ represents the set of unknown parameters of the model. In equation 1, τ g k , and τ b k , are the kth-component regression coefficients for the exposure (ICS use) associated with GA and BW, respectively. Moreover, the vectors of regression coefficients β g k , and β b k , are the kth-component regression coefficients associated with covariates X. Interestingly, the componentspecific bivariate decomposition allows for the interpretation of BW conditional on GA within each component of the mixture: In component k, the coefficient β * k in the conditional model for B given G encodes the mean change in B for a 1-unit increase in G after the contributions of A and X to explain G have been removed. In other words, it represents the residual association between GA and BW in each subpopulation. The residual variance associated with B(G) within component k is given by σ (σ )
2 . As such, model 1 (equation 1) allows for a component-specific residual variance in the marginal model for G and in the conditional model for B given G, thus permitting some heteroscedasticity in these residuals overall. To the notable exception of K, which is considered fixed, all parameters in model 1 are unknown and need to be estimated.
Assuming independent units, the joint density function of
. Inference is based on the posterior distribution of θ, which is proportional to the likelihood times the prior distribution of θ. As in Schwartz et al. (56) , this prior distribution is the product of standard prior distributions for the model parameters: a Dirichlet distribution for the mixing proportions (π ) k , multivariate normal distributions for the regression coefficients, and gamma distributions for the inverse of the residual variances. des données pour l'étude de la clientèle hospitalière databases. These data were first used by Cossette et al. (36) , who investigated the dose-response relationship between maternal use of ICS and LABA during pregnancy and the adverse perinatal outcomes LBW, PTB, and small size for GA (defined as the <10% BW quantile for a given GA in a population, by sex).
Study design
Our cohort was formed by applying the same inclusion and exclusion criteria as those used by Cossette et al. (36) to define their cohort. The inclusion criteria were: 1) singleton delivery (live birth or stillbirth) between 1998 and 2008; 2) maternal age ≤45 years at the beginning of pregnancy; 3) ≥1 diagnosis of asthma and ≥1 prescription for an asthma medication filled in the year before or during pregnancy; and 4) drug insurance coverage by the Régie de l'assurance maladie du Québec plan for at least 1 year before and throughout pregnancy. Exclusion criteria were: use of theophylline, cromoglycate, nedocromil, ketotifen, and LABA without ICS during pregnancy. Because our mixture-of-regressions model was defined for a set of independent observations, we kept only the most recent pregnancy if a woman had several pregnancies during follow-up (1,177 pregnancies were excluded). Our choice to select the last recorded pregnancy in the follow-up period rather than the first was made on the grounds that recent pregnancies are more likely to reflect current medical practice regarding the management of asthma during pregnancy. Our cohort comprised a total of 6,197 pregnancies, among which 5,021 (81%) were such that they corresponded to a woman's unique pregnancy between 1998 and 2008, while the other 1,176 pregnancies (19%) corresponded to the last pregnancy for a woman who had more than 1 pregnancy during follow-up.
Outcomes, exposure, and covariates
The outcomes of interest were GA at delivery, measured in completed weeks, and BW, measured in grams. Maternal ICS exposure during pregnancy was measured with an algorithm based on prescription renewals that was used in prior studies (58, 59) . ICS exposure was classified in 2 categories: use (>0 μg/day) and no use (0 μg/day). Our list of adjustment variables contained 26 identified risk factors for LBW, PTB, or small size for GA (36) . These variables, some of which may be potentially confounding, can be divided into the following 4 categories: 1) mother's and baby's characteristics: maternal age, baby's sex, receipt of social assistance, and rural residency; 2) maternal chronic conditions in the year before or during pregnancy: antiphospholipid syndrome, chronic hypertension, diabetes mellitus, and uterine defects; 3) pregnancy-related variables: gestational diabetes, eclampsia/ preeclampsia, anemia, placental conditions, placental abruption, vaginal bleeding, maternal infections, fetal-maternal hemorrhage, pregnancy-induced hypertension, and use of β-blockers; and 4) asthma-related variables during pregnancy: leukotrienereceptor antagonists, short-acting β 2 -agonists, oral corticosteroids, intranasal corticosteroids, ≥1 emergency department visit for asthma, LABA, ≥1 hospitalization for asthma, and severity of asthma (in the year before conception).
Statistical analyses
Descriptive statistics were used to determine the characteristics of the pregnancies as a function of ICS use. Simple linear models regressing each outcome (GA, BW) as a function of each variable (exposure, adjustment variables) were fitted on our cohort of pregnancies. The associations of ICS with GA and BW were then estimated separately for each outcome using a standard adjusted linear regression model. Because GA is a potential intermediate variable in the pathway between ICS and BW, the BW-adjusted regression model did not include GA. Finally, the mixture model (model 1) with = K 1 and = K 2 was used to explore heterogeneity of the effects of ICS on GA/BW. The prior distribution on the parameters of model 1 is presented in Table 1 .
We implemented our mixture-of-bivariate-regressions model (equation 1) using a Gibbs sampling algorithm for augmented mixture (60) programmed with the R (R Foundation for Statistical Computing, Vienna, Austria) and C (61) languages. For each of the 2 mixture models considered, draws from the posterior distribution of the model parameters were obtained using the Gibbs sampler. A total of 100,000 iterations (burn-in = 100,000 iterations) were retained for each model and used to calculate posterior means and standard deviations and 95% credible intervals.
Component allocation was monitored for the mixture model with K = 2. More precisely, while component membership was unknown for each pregnancy in our cohort, the proportion of times that each pregnancy is attributed to a given component over the Gibbs sampling iterations is an estimation of the posterior probability that the pregnancy belongs to that component. Hard clustering was done by assigning a pregnancy to the component with the highest posterior probability. An indicator variable Z was created and set to = Z 1 i whenever pregnancy i was allocated more than 50% of times to the second component ( = Z 0 i otherwise) over the Gibbs sampling iterations. We then used standard multiple logistic regression with outcome Z to investigate whether any variable was associated with this indicator.
Sensitivity analyses regarding the choice of priors and adjustment covariates were performed subsequently; results are presented in Web Appendix 2. We also conducted unplanned analyses to obtain further insights on the problem and results: We performed 3 standard adjusted logistic regression analyses using LBW, PTB, and very PTB (GA <32 weeks) as outcome variables.
Finally, because many perinatal studies rely on a GAnormalized BW variable as the primary outcome instead of or in addition to BW (62, 63) , a novel application of the mixture of regressions with K = 2 was done to model ICS exposure effect heterogeneity using GA and BW z scores as response variables (with the priors for the BW z score intercepts centered at 0). The BW z scores were computed using a Canadian chart described by Kramer et al. (64) .
Approval from the Commission d'accès à l'information du Québec was obtained prior to requesting and linking the information from the Maintenance et exploitation des données pour l'étude de la clientèle hospitalière and Régie de l'assurance maladie du Québec databases. These analyses were approved by the ethics committee of the Hôpital du Sacré-Coeur de Montréal.
RESULTS
In our cohort, 3,461 babies out of 6,197 (55.8%) were exposed to ICS during their mother's pregnancy. Among pregnancies exposed to ICS, 86.3% were exposed to a dose of less than 250 μg/day (fluticasone propionate equivalent) on average. Descriptive statistics are presented in Table 2 according to binary exposure status. A larger proportion of women treated with ICS received social assistance. Overall, asthma-related variables featured the greatest imbalance between pregnancies exposed to ICS and those unexposed. Notably, pregnancies exposed to ICS were associated with more severe asthma, were associated with more visits to emergency departments because of asthma, and were more exposed to leukotriene-receptor antagonists, short-acting β 2 -agonists, oral corticosteroids, and LABA (by design, no pregnancies unexposed to ICS were exposed to LABA in our cohort).
The crude results derived using standard univariate linear regression models are presented in Table 3 . We observed that pregnancies exposed and unexposed to ICS were similar in terms of mean GA and BW. The standard univariate-adjusted analysis for GA (second and third columns in Table 4 ) revealed a positive association between ICS and GA (for GA associated with ICS, mean difference = 0.17 weeks, 95% confidence interval (CI): 0.05, 0.29). Although GA is arguably the strongest predictor of BW, the small positive association between ICS and GA did not translate to a significant association between ICS and BW (mean difference = 29.16 g, 95% CI: −4.81, 63.12). The regression coefficients for GA and BW obtained from the mixture model with K = 1 (last 2 columns in Table 4 ) were similar to those obtained from the standard univariateadjusted regression models.
The results for the mixture model with K = 2 are presented in Table 5 . The mixing proportions π 1 and π 2 , which represent the relative size of each component (subpopulation) in the population, were estimated to be 0.92 (95% credible interval (CrI): 0.90, 0.93) and 0.08 (95% CrI: 0.07, 0.10), respectively. We observed that the second component was associated with pregnancies with smaller GA and BW. 
a A Dirichlet distribution is specified for the mixing proportions: (π , …, π )~Dirichlet( , …, )
Multivariate normal (N) distributions are specified for the gestational age and birth weight regression coefficients:
,
.
Gamma distributions are specified for the gestational age and birth weight residual precisions: Abbreviations: ED, emergency department; ICS, inhaled corticosteroids; LABA, long-acting β 2 -agonists; SABA, short-acting β 2 -agonists. Abbreviations: CI, confidence interval; ED, emergency department; ICS, inhaled corticosteroids; LABA, longacting β 2 -agonists; N/A, not applicable; RC, regression coefficient; SABA, short-acting β 2 -agonists.
a Regression coefficients with 95% CIs were obtained from simple univariate linear models. b All variables are binary (yes = 1/no = 0) unless otherwise indicated. Figure 1 presents the clustering of the 6,197 pregnancies on the GA-BW plane. All but 1 of the pregnancies allocated to the second component were preterm, while the vast majority (82%) corresponded to LBW infants. In parallel, most PTB pregnancies allocated to the first component did not correspond to LBW infants. At the 5% level, a high probability of membership in the second component was found to be negatively associated with exposure to ICS and gestational diabetes and positively associated with receipt of social assistance, fetal-maternal hemorrhage, placental abruption, vaginal bleeding, anemia, eclampsia/preeclampsia, and use of more than 3 doses of short-acting β 2 -agonists per week (see Table 6 ).
Lastly, when reanalyzing our cohort using LBW as opposed to BW in a standard adjusted logistic regression model, we obtained an odds ratio associated with ICS of 0.79 (95% CI: 0.63, 1.00). For the outcomes PTB and very PTB, the adjusted ICS odds ratios were 0.84 (95% CI: 0.68, 1.04) and 0.28 (95% CI: 0.15, 0.51), respectively.
The results for the 2-component mixture secondary analysis using GA and BW z scores are presented in Web Appendix 3 (Web Table 1 ). The relative sizes of the 2 subpopulations were similar to those found in the corresponding analysis using GA and BW. The association between ICS and GA also remained similar in both components; however, ICS was not found to be associated with BW z score in either component. In the smallest component, only diabetes mellitus and eclampsia/preeclampsia were found to be positively and negatively associated with BW z score, respectively. Unlike in the main analyses, the withincomponent residual association between GA and BW z score (β ) * k did not significantly differ from zero.
DISCUSSION
Adjusting for a large set of covariates, including many variables directly related to asthma severity and control, the credible intervals for exposure to ICS associated with GA and BW in the first, major component of our K = 2 mixture model were found to be centered approximately at zero and relatively narrow. These results, which concern a large proportion of pregnancies, are consistent with those of many other studies that have failed to associate ICS exposure during pregnancy with adverse perinatal outcomes, including GA-and BW-related variables (35) .
Interestingly, our 2-component mixture model revealed that there is a small group of asthmatic women, representing about 8% of the population, in whom ICS is positively associated with GA and BW, with a magnitude which could be qualified as clinically significant. In this subpopulation, pregnancies exposed to ICS were, on average, approximately 11 days longer than those that were not (95% CrI: 4.70, 16.0). This increase in GA reverberated on BW, as was seen from the estimated average increase of about 200 g in BW when pregnancies were exposed to ICS Table 4 . Differences in conclusions between the standard linear regressions (or K = 1 mixture model) for GA and BW and the standard logistic regressions which instead parameterized PTB and LBW may suggest that the effect of exposure to ICS takes place at low quantiles of the joint GA/BW distribution. This is more strongly supported by the results from the main 2-component mixture analysis, for which a positive association between ICS and GA/BW was seen in the most problematic asthmatic pregnancies. Indeed, nearly all hard-clustered pregnancies in the smaller component were preterm, which would explain why inconclusive results were obtained in our standard adjusted logistic regression analysis using PTB as the outcome (odds ratio = 0.84, 95% CI: 0.68, 1.04). The significant results obtained for very PTB (odds ratio = 0.28, 95% CI: 0.15, 0.51) could also be anticipated from the mixture model's results, since 32 weeks is a central point for GA in the second component (recall Figure 1) . To our knowledge, only 1 previous study has examined the association between maternal exposure to ICS and very PTB using ICS-unexposed asthmatic women as the reference group: Using very PTB as the outcome variable, Schatz Table 5 . (36) ; as such, the same limitations regarding the data pertain to the present work. Generalization of the results to a general obstetrical population is questionable, since the Régie de l'assurance maladie du Québec prescription insurance plan is a compulsory insurance plan for Quebec residents who are not eligible for a private one. Overall, people enrolled in this plan have a less favorable socioeconomic status, which may influence ICS adherence. Indeed, recall that exposure to ICS was based on dispensed prescriptions, which might not reflect actual use. Moreover, our list of measured covariates omitted important potential confounders or risk factors, such as maternal cigarette smoking during pregnancy, prepregnancy body mass index, ethnicity, and parity. We also lacked genetic information, which could be related to global responsiveness to ICS and the occurrence of adverse perinatal outcomes such as PTB and LBW. However, additional analyses which used the number of pregnancies in the follow-up period to define a proxy for parity yielded essentially the same results (not reported). Moreover, Cossette et al. found, in sensitivity analyses, that their estimates of the effect of ICS on the perinatal outcomes LBW, PTB, and small size for GA were relatively robust to unmeasured smoking status (36) . A similar conclusion was reached for maternal obesity status (see Web Appendix 4, including Web Table 2 , for results and discussion). Because one can define the mixture-of-regression model to represent homogenous subpopulations indexed by common values for unmeasured binary or categorical covariates, it is, however, possible that these missing covariates were partially accounted for by our model. Finally, a limitation specific to this study is the possibility that the ever/never exposure classification may have attenuated true risks associated with the effect of ICS use on GA/ BW, or even created a protective effect. This bias would arise from increased opportunity for exposure among women remaining pregnant longer and has been shown to explain an apparent protective effect of maternal influenza immunization in pregnancy on risk of PTB (66) .
Continued

Many of our study's strengths directly follow from those of Cossette et al. (36) -notably the large number of pregnancies, medication-exposure assessment from data prospectively collected independently of the outcomes and recorded in pharmacy records, the inclusion of multiple potential confounders, and the use of previously validated algorithms to measure ICS and short-acting β 2 -agonist exposure and the control and severity of asthma. While the size of our cohort was deemed sufficiently large to apply a mixture-of-regressions model, a larger number of pregnancies would have allowed a more thorough assessment of the heterogeneity of the associations between exposure to ICS and GA and BW. Indeed, because the regression coefficients' CrIs were generally wide for the smallest subpopulation, we chose not to study the effect of ICS on GA and BW as a function of dosage. Similarly, we did not consider adding a third mixture component, which, for a larger cohort, may have revealed more specific insights on the role of ICS in the most problematic asthmatic pregnancies. Indeed, because it is well-known that prematurity is a multifactorial syndrome (67, 68) , it is likely that pregnancies in the smallest component still exhibit significant individual heterogeneity with regard to the ICS effect. As it stands, we nonetheless believe that our mixture-of-regressions model enabled us to carry out a unique and highly valuable exploration of our cohort data, which will likely serve to refine or generate new hypotheses as to how treatment of asthma with ICS during pregnancy affects fetal growth.
In conclusion, we have introduced a finite mixture-of-bivariateregressions model to explore the heterogeneity of ICS exposure effects on BW (or BW z score) and GA in a large cohort of asthmatic pregnant women, but this model can certainly be used for risk assessment for other exposures. When using this model with BW z score instead of BW, it is expected that the coefficients β ( = … ) * k K 1, 2, , k will be zero if the GA-dependent normalization scale for BW is appropriate. The proposed mixture is thus overly flexible for exploring effect heterogeneity with a BW z score outcome, since it models the theoretical null dependence between GA and BW z score. While this could be viewed as undesirable, one may find it useful to be able to check for practical deviation of β * k from zero, indicating a residual correlation between GA and BW z score and thus suggesting an external reference population inadequate for the study population. With a BW z score outcome, a straightforward modification of the model to strictly enforce the β * k coefficient values to zero could alternatively be done, thereby reducing by K the number of parameters to estimate.
